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Gerald V. Brown 
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21000 Brookpark Road 
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Sunmary The Recuperative Cycle 


There ia the proapect of a fundanental new appli- 
cation for nagnetlc materlala aa the working aubatance 
In thermodynanlc cyclea. Recuperative cyclea which 
uae a rare-earth ferroeiagnetlc material near Its Curie 
point In the field of a superconducting magnet appear 
feasible for applications from below 20K to above room 
temperature. The elements of the cycle, advanced In oi 
earlier paper, are sunnaTlzed. The basic advantages 
Include high entropy density In the magnetic siaterlal, 
completely reversible processes, convenient control of 
the entropy by the applied field, the feature that 
heat transfer Is possible during all procaases, and the 
ability of the Ideal cycle to attain Carnot efficiency. 
The mean field theory Is used to predict the entropy of 
a ferromagnat In an applied field and also the Isother- 
mal entropy change and Isentroplc temparar«re change 
caused by applying a field. Results are presented for 
J~7/2 and g~2. The results for Isentroplc temperature 
change are compared with experimental data on Gd. 

Coarse mixtures of ferromagnetic materials with dif- 
ferent Curie points are proposed to modify the path of 
the cycle In the T-S diagram In order to Improve the 
efficiency or to Increase the specific power. 

Introduction 

The surprising capacity of appropriate ferromag- 
netic materials to pump heat at temperatures far above 
that of liquid helium was pointed out In a previous 
paper. ^ A ferromagnetic material (FM) can refrigerate, 
pump heat, or produce work from heat even at room tem- 
perature or higher In cycles that are analogous to 
D those that use a gaseous working msterlal or refriger- 
ant. The high field superconducting magnet makes this 
possible, although permanent magnets and even normal 
electromagnets may be suitable In some applications. 
Three previously known principles were conA>lned In 
Ref. I to yield a practical class of magnetic cycles: 
choose a rare-earth-based FM, uae It near Its Curie 
point Tc, and uae a recuperative thermodynamic cycle. 
The reasons are first, that for a given Tc, the re- 
sponse to an applied field of a rare-earth FM Is far 
greater than that of a tranaltlon-element-baaed mater- 
ial; In fact above Tc, the susceptibility depends 
quadratlcally on J, the total angular momentum quantum 
number. Secoc.dly, the Isothermal change In entropy 
and the Isentroplc change In temperature that are 
produced by applying a field H are larger near Tc than 
at higher or lower temperatures. Thus Tc should be 
carefully chosen. Thirdly, Just as gas refrigeration 
cycles employ recuperation In counter flow heat ex- 
changers or regenerators In order to span a large tem- 
perature range, the magnetic cycle must be recupera- 
tive, too. In the magnetic case, much more heat must 
be recuperated, but higher heat transfer coefficients 
more than offset the disadvantage. 

The use of FM's In thermal cycles constitutes a 
basically new practical application. In existing power 
applications magnetic materlala merely Interchange 
electrical and mechanical energies. Until now FM's 
have not effected the cot.verslon between (lew grade) 
thermal and (high grade) mechanical or electrical 
energies, except near absolute zero. 


The recuperative cycle la easy to describe In an 
embodiment which employs a regenerator composed of a 
liquid column In a vertical tube.^ The rare eart. FM, 
fabricated into a movable element with a large heat 
transfer area, passes up and down through the fluid 
cycllcly. In steady state operation a temperature 
gradient exists In tha fluid with the hotter end at 
the top. In the ateady state of a heat pump (or refrl 
gerator) cycle there are four steps (see Fig. 1), 

(1) Isothermal magnetization at'^the top of the liquid 
column. The heat of magnetisation la transferred 
to a heat sink as It Is produced (process A-*B). 

(2) Cooling at approximately constant field as the FM 
pasaas down through the liquid column to Its bot- 
tom (process B'^C). 

(3) Isothermal demagnetization at the bottom of the 
column, during which heat Is absorbed from a heat 
source (process C-»D). 

(4) Zero-or low- field warming as the FM pastes to the 
top of the column to begin another cycle (process 
D-»A or D-»E), 

This embodiment strongly resembles the Stirling 
refrigerator with a gaaeous refrigerant. In other em- 
hodlments the recuperation could he more like counter- 
flow heat exchange and the cycle like a Llnde-Hampson 
cycle or a Claude cycle. 

As reported In Ref. I, this method has been demon 
strated over a temperature span of 47 k between 272K 
and 314K.a 

Basic Advantares 

Several advantages of the magnetic cycle shomo 
he stressed. The advantages arise from the ease of w 
varying the external parameter (field) and from the 
fact that heat transfer to or from the FM can he main- 
tained even during changes In field. So, for example, 
the FM can reject heat Isothermal ty as It Is magne- 
tised, whereas It Is not practical to compress a gas 
Isothermally. Nonlav.thcrmal compression Is the most 
serious cause of Inefficiency In conventional refri- 
gerators. The efficiency of the Ideal magnetic cycle 
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Figure 1. T-S Diagram for the Recuperative Ferromag- 
netic Cycle. 










(with Isothcrns and perfact racuperatton) can approach 
the Carnot efficiency If the proceaa b-wA In fig. I la 
replaced by the proceaa D-»E (drawn parallel to BC). 

Thla can be done eltherjhy changing the field H appro- 
priately aa tha FM wama or by ualng FM nlxturaa aa 
deacrlbed below. The poaalblllty of changing H at will 
during the cycle alao pennlta non-laothennal aourcea 
and alnka to be efficiently utilized. Purtherinore the 
Ideal cycle contalna no Inherently Irreveralble pro- 
ceaaea (auch aa Joule-Thomaon expanalon of a gaa). 

Note that the field may be reveralbly ralaed or lowered 
Incrementally while heat tranafer occura; preaaure can- 
not be ao flexibly controlled. Tlie uae of a aol Id walk- 
ing medium offera another advantap.e--all heat exchange 
can be between the aolld and a liquid (or In aome low 
temperature rangea, a high d.nalty gaa). Hence the 
heat tranafer coefflclenta are much higher than for 
aolld-to-gaa; enough higher to more than offaet the 
higher vlacoalty of the liquid and to permit the 
greater degree of recuperation needed hy the aolld over 
the gaa. 

Poaalble Appllcatlona 

A full engineering and economic analyala of apecl- 
flc machine dealgna la needed to predict In what appll- 
catlona the magnetic cycle can compete economically. 
Howevet, the baalc advantagea cited above auggeat that | 
It ahould be evaluated for all refrigeration appllca- 
tlona. Obvloua appllcatloua to be atudled are refri- 
geration for auperconductlng devlcea auch aa magneta, 
power tranamlaalon llnea, and rotating machinery; 11- 
qulflcatlon of gaaea Including He, H 2 , N 2 , and natural 
gaa; the separation of air; and numeroua apeclal pur- 
poaea auch aa cooling of Infrared aenaora, etc. Near 
room temperature magnetic refrlgeratora, heat pumpa 
and air conditioners should be evaluated, as should 
magnetic heat engines above room temperature. Higher 
efficiency would be welcome In all these appllcatlona. 

It la expected that the Curie point of a pure rare 
earth can be decreased to any lower value dealred for 
these applications by a rather modest dilution of the 
rare earth to reduce the conductlon-electron-medlated 
exchange Interaction. Rare earth combinations may also 
be useful but the hoped-for entropy change may be 
reduced If crystal flelda decrease the effective moment 
or If complex magnetic structures arise. In any case 
it appears that materials with T,. optimized for any 
application can be produced. 


Ng2>^|j(J + l)K - 3kTe. 
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Equations (l)-(3) can be solved simultaneously for any 
value of H by graphical or numerical methods. The mag- 
netic entropy S„, la given by. 

Sm/R - log {alnh [ (2J+l)x/(2J)] /alnh [x/(2j3}-xBj(x) (4) 
where the value of x la taken from the solution of 
(l)-(3). 

It la convenient to introduce nondlmenslonal 
variables defined by 

t a T/T^ and h B H/[3kT^/(J + D^gg] (5) 

The magnetic entropy, calculated from (4) la presented 
in figure 2 In terma of t and h for J>7/2 and g ' 2, 
valuea appropriate for materials based on Gd.g (tra- 
duction electron contributions are not Includ’d. The 
failure of the theory to Include short range ordi. - la 
evident at zero field In the abrupt corner and In the ^ 
attainment of the full magnetic entropy at T^, The 
Isothermal entropy change ilS caused by a field change 
^h follows immediately and la plotted In figure 3. 

The entropy pumping capacity of any FH baaed on Cd with 
any T^ In tha plot's range can be estimated from figure 
3 end the definitions (S). 

As an example of the Isothermal entropy and heat 
. pumping capacity of an FM, the theory predicts for Gd 
Jthat at 273K a 10 Tesla change In field gives 

AS-12 J/kg-K which corresponds to a heat of 3.2 kj/kg. 

To compare theoretical and experimental results, 
the total entropy was calculated^y 

where la the lattice entropy based on a Debye model 
with the Debye temperature taken to be 172K. The isen- 
tropie change In temperature caused by applying a field 
waa found numerically and is presented In figure 4 
alopt with new experimental data. The data were taken 
on a cast cylindrical polycryatalllne sample 2.29 cm 
diameter and 9.33 cm long with hemispherical ends. The 
new data are more accurate than the first high field 
data that were reported In Ref. 1. The applied field 
and effective field are considered Identical In the 
plot; baaed on the calculated value of M, the two 
fields differ by at most 3T. The mean field theory 


Mean-Field Calculation of Entropy 

To evaluate the magnetic cycle, ore needs to know 
the entropy at a function of temperature and field. 

Very little experimental data exists. In thla section 
the Helss mean field theory la shown to predict moder 
ately well the entropy and temperature changes caused 
It. simple ferromagneta by applied flelda. The agree- 
ment between theory and experiment la good enough to 
Justify the uae of the mean field theory In feasibility 
studies. 

Following the treatment In Ref. 2, we suppose the 
magnetization M la proportional to the Brlllouln 
function Bj: 

O M ~ Ng;;B-^j(’<) 

where N la the number density of dipoles, g the Lande 
factor, /ig the Bohr magneton, and 

X - ^gJ(H + KM)/kT (2) 

where k Is Boltzmann's constant and K Is the mean-field 
coupling constant. K can be eliminated In favor of Tf 
by noting that above T^ no spontaneous M exists, ao 
there equetlona (1) and (2) must have only a trivial 
solution for M. That condition reduces to 
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cannot dlatlngulah betwaan tha farroMgnatlc Curia 
point Tf and tha paranagnatie Curia point Tp; only ona 
quantity, Tc, oecura In tha aquatlena (3) and (S). It 
la Intaraatlng to conpara tha raaulta of tatting Tc>Tf 
with thota of aattlng Te*Tp. Hanea flgura 4 praaanta 
thraa thaoratlcal curvaa with tha axparlnantal data. 
Curva F raaulta from aattlng Tc*Tf^293K. Curvt FI 
raaultt from aattlng Tc aqual to an oldar valua of Tp 
(302. 5K^): curva P2 fron a mora racent valua (310K for 
polycryatalllna aanplat^). 

It la Intaraatlng that tha P curvaa glva battar]! 
agraaoant axcapt near Tf. Somewhat above Tp tha para-' 
nagnatlc valua nuat give the correct Curla-Ralaa be- 
havior; balow Tf tha agreamant la apparently batter 
becauae tha mean flald acta In a baalcally paramag- 
natlc way on each Ion. Thua the appropriate value of 


the coupling conatant la batter reflected by Tp In tlie _ 
Curle-Welaa law than by the ordering temperature Tf. I 
Near Tf tha uae of Tf glvea the beat agreement. Above 
about l.lTf the PI curve la heat, and below about n.9 
Tf the P2 choice la beat. The choice of T^ to uae to ^ 
evaluate a particular PM in a cycle muat be made In the 
context of tha Intended temperature range and Che poai- 
tlona of Tf and Tp In It. For auch a alnple theory tC 
la aurprlaing that thoae quantltlea which depend upon 

□ entropy dtfferencea are not badly predicted. 

^^^^Kdifvtng tha T-S Diagram to Improve Efficiency 


Aa noted under "Advantagea" above, Che Carnot ef- 
ficiency la not achieved In the unmodified cycle ABCDA 
In Fig. 1. One aapect of the unmodified cycle la that 
the average heat capacity of the FM la uaually not the 
aeme at zero field aa at high field, and thla would 
cauae a problem In tha regenerator. To achieve the 
"parallel aides" of the cycle In the T-S dlagrar, which 
Indicate equal heat capacltlea during warming and 
cooling and are characteristic of a high efficiency 
recuperative cycle, 1« straightforward because tbe field 
can he changed during regeneration. As the FM warms In 
the regenerator, the field Is simply Increased to cause 
the state of the FM to follow D-*E rather than P-eA. 









ISENTROPIC TEMPERATURE CHANGE. AT. 


REDUCED TEMPERATURE, t 


Figure 3. - Isothermal entropy change AS in units of 
R in terms of reduced temperature t and change in 
reduced field Ah. Initial field is zero. (J » 7/2. g= 2.) 
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Figure 4. - The isentropic temperature change produced 
by applying a 7T field to Gd. 
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